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Abstract-In this paper, some studies on one-dimensional plasma photonic crystal (PPC) containing alternate layers of dielectric and micro-plasma have been presented. The band structures, reflectivity, group velocities and effective group index of such photonic crystals have been studied. For the purpose of computation, we have used transfer matrix method. In this study, we take two PPC structures named PPC1 and PPC2. In PPC1, we take SiO 2 as the material for the dielectric layers whereas in PPC2, we take TiO 2 as the material for the dielectric layers. It is found that the forbidden band gap(s) can be increased by increasing the thickness of plasma layers. The ranges of 100% reflection is found to be in the higher normalized frequency region in the case of PPC1 whereas in PPC2 the ranges of 100% reflection is found in the lower normalized frequency region. It is also found that for a certain normalized frequency, the group velocity becomes negative in both PPCs. However, the range of normalized frequency for which the group velocity is negative is larger in the case PPC1 than in PPC2. This abnormal behaviour of group velocities of both PPCs results in superluminal propagation (speed of EM wave in PPC greater than speed of light) of electromagnetic waves. Also, because of the abnormal behaviour of group velocity, effective group index becomes negative and possesses ultra high values. Such structures may be considered as a flip flop as there is positive and negative symmetry of effective group velocity. Also, PPC2 exhibits superluminal propagation for wider range of normalized frequency where there is superluminal propagation inside the structure as compared to that of PPC1.
INTRODUCTION
In last two decades, photonic crystals (PCs) have drawn attention of many researchers because of the ability of PCs to control the propagation of electromagnetic waves. In general, photonic crystal structures modify electromagnetic properties of ordinary bulk materials [1] [2] [3] .
The ability of PCs to control EM radiations has many interesting applications in micro cavities, optical filter, localization of photon, spontaneous emission control and omnidirectional reflection [4] [5] [6] [7] [8] . Some photonic crystals exhibit complete EM band gap(s); and such PCs are known as photonic band gap (PBG) structures. The modulation of refractive index in all three spatial directions in PCs is required to observe complete band gap in PCs [9] [10] [11] . Recently, Ojha et al. have reported that a simple-tofabricate periodic 1D photonic crystal can have high reflectivity over a broad range of frequencies at all incident angles, i.e., an omnidirectional reflection, if the refractive indices and the thickness of the constituent dielectric layers are properly chosen [12] [13] [14] [15] . To better understand the physics of photonic crystals, exact analytical solutions are quite useful. One dimensional photonic crystal with Kronig Penny periodic dielectric structures is the simplest of photonic crystal structures [16, 17] .
Chen et al. [18] found an omni-directional photonic crystal in near infra red range using SiO 2 and TiO 2 quarter wave films. Studies on the propagation of electromagnetic wave in dispersive media have been presented in many papers [19] . Garrett and McCumber [20] considered the propagation of Gaussian pulse through an anomalous dispersive medium, and it is found that superluminal or negative group velocity could be obtained without significant distortion in pulse shape.
Japha et al. [21] suggested a universal mechanism responsible for transmission attenuation, superluminal time delays and wave packet narrowing of coherent pulses in non-dissipative media. This mechanism may be employed for the manipulation of various properties of coherent pulses. Also, Romero-Rochin et al. [22] gave the idea of superluminal transmission of light pulse through optically opaque barriers from the consideration of causal electrodynamics.
It is known that from the general theorems given by Bolda et al. [23] (based on the Kramers-Kronig relation), superluminal and infinite or negative group velocities must exist for any dispersive medium at some frequencies. Also at these frequencies, attenuation (or gain) of electromagnetic waves is maximum.
In 1968, Veselago [24] has considered the idea of negative electric permittivity and negative magnetic permeability simultaneously at a certain frequency, thereby introducing the concept of negative index of refraction. An exhaustive review article on the physics of negative refractive index materials by Ramakrishna [25] discusses various aspects of this emerging area of research.
It has been demonstrated by Pendry et al. [26] that artificial plasmas composed of arrays of thin conducting wires can have negative effective permittivity.
On the other hand, Ojha et al. [27] showed the anomalous behaviour of group velocity in PCs. It becomes negative in a certain range of frequencies and approaches to zero at band edges. Because of this anomalous behaviour, effective group index also becomes negative and approaches to infinity at band edges. Ojha et al. [28, 29] also studied superluminal propagation and abnormal behaviour of group velocity in dielectric-plasma and dielectric-negative index material photonic crystals.
Hojo and Mase [30] studied plasma photonic crystal and showed that photonic band gap(s) increase as we increase the width of plasma layer as well as the plasma density. It is also confirmed by Ojha et al. [28] .
In this paper, the electromagnetic properties of one dimensional dielectric-plasma photonic crystals (PPCs) namely, band structure, reflection properties, group velocity and effective group index in the microwave region of electromagnetic wave have been presented. Here, two structures PPC1 and PPC2 are considered by choosing SiO 2 and TiO 2 as the materials of dielectric layers of PPC1 and PPC2 respectively.
THEORY
We consider one-dimensional plasma photonic crystals (PPCs) having alternate layers of dielectric and micro-plasma as shown in Fig. 1 .
The dispersion relation, reflectivity, group velocity and effective group index of such one-dimensional PPCs are computed using transfer matrix method [9, 31] . The Maxwell wave equations for electromagnetic wave propagating along the x-axis in one-dimensional PPCs may be written as with
and
where, k 0 = ω/c is the wave frequency; c is the speed of light; ω p = (e 2 n p /ε 0 m) 1/2 is the electron plasma frequency with density n p ; ε m is the dielectric constant of the dielectric material. The schematic diagram of the spatial variation of micro-plasma and dielectric material is given in Fig. 1 , where D = L(1 + d) is the lattice period with the widths of dielectric and micro-plasma being L and Ld respectively.
The general solution of Equation (1) is given by
where
By imposing the continuity of E(x) and E (x) at the interfaces of different materials of the structures, we obtained the following matrix equation
Here, the translation matrix is given by
where the elements of the matrix in Equation (6) are
Now, because of the periodicity in the structure of the PPCs, the electric field vector can be expressed in the form E(x) = E K (x)e −iKx , (according to Bloch's theorem) where E K (x) is periodic with the lattice period of D. The constant K is known as wave number and given by
The solution of Equation (8) leads to the dispersion relation for the PPC structures containing the alternate layers of dielectric, and microplasma is given by
The group velocity [V g (ω)] can be calculated by using formula [32] 
And the effective group index of refraction n eff (g) can be calculated by using the following formula
Also, the coefficient of reflectivity of the PPC structure with N unit cells can be calculated by using the following relation [31] 
where, a 0 and b 0 are the complex amplitudes of incident and reflected plane waves, and the condition b N = 0 implies the boundary condition that to the right of periodic structure there is electromagnetic plane wave incident on the structure considered. By solving the above equation up to the N th power of a unimodular matrix, we find the expressions for the reflectivity of the PPC structure, which is given by
RESULT AND DISCUSSION
In this section, we compute the band structure, group velocity (V g ), effective group index [n eff (g)] and reflectivity on the scale of normalized frequency (ωL/2πc) of one-dimensional PPCs.
In this study, we consider two PPC structures with alternate layers of dielectric and micro-plasma as (i) PPC1: SiO 2 -Plasma (ii) PPC2: TiO 2 -Plasma For both the PPCs, the thickness of each plasma layer is taken as Ld with plasma frequency 5.6 × 10 11 Hz. The thickness of dielectric layer is taken as L with refractive index 1.5 for SiO 2 (in PPC1) and 2.3 for TiO 2 (in PPC2). Two cases of different thickness ratios (Ld/L = d) for both structures are considered for which the ratios are 0.01 and 0.10 for the PPC1 and PPC2 respectively. The band structure of one-dimensional PPCs, in terms of normalized frequency and wave vector obtained from dispersion relation given by Equation (9) , is shown in Fig. 2 and Fig. 3 respectively.
For PPC1, if we take the thickness ratio d to be equal to 0.01, we get only one photonic band gap that lies in the normalized frequency range from 1.322 to 1.358 centered at 1.340 with a forbidden band width of 0.036. On the other hand, for d = 0.10 (10 times the width of plasma layer of the previous case), the forbidden band gap lies in the normalized frequency range 1.240 to 1.482 centered at 1.360 with a band width of 0.242. It is clear that if we increase the thickness of plasma layer by 10 times, the forbidden band width increases by 7 times approximately. Also, the mid point of the band gap shifts slightly towards the higher values of the normalized frequency when the thickness of the plasma layers is increased.
For PPC2, if we take the thickness ratio (d) to be equal to 0.01, we obtain two band gaps in the same normalized frequency range as Thus, if we increase the width of plasma layers by 10 folds, the widths of the forbidden band gaps increase by 6.5 times. But unlike the case of PPC1, the mid points of the band-gaps shift towards the lower end of the normalized frequency. It is clear from Fig. 2 and Fig. 3 that if we increase the thickness of the plasma layers, the width of photonic band gap also increases same as what Hojo and Mase [30] and also Ojha et al. [28] reported earlier. Comparing the two structures of one-dimensional plasma photonic crystals PPC1 and PPC2, the widths of allowed and forbidden bands of PPC with low refractive index dielectric material are more than the corresponding bands of PPC with high refractive index dielectric material. Figures 4 and 5 show the variation of the reflectivity (obtained from Equation (13)) as a function of normalized frequency parameter for the two structures discussed here, namely, PPC1 and PPC2 respectively. It is quite clear from the study of the graphs that for d = 0.01, the reflectivity of both PPCs is not very large in the entire range of the normalized frequency, but it is appreciable for the regions where there is a forbidden band. In PPC1, the region with substantial reflectivity occurs in very narrow range, i.e., 1.322 to 1.358 of the normalized frequency parameter centered at 1.340, and in PPC2, it occurs in two regions, i.e., from 1.291 to 1.316 centered at 1.303 and 1.507 to 1.531 centered at 1.520.
If we increase the width of the plasma layers by 10 times, we get 100% reflectivity for both PPCs over certain ranges of normalized frequency parameter. For PPC1, the 100% reflectivity occurs from 1.240 to 1.482 of the normalized frequency parameter centered at 1.360, and for PPC2 the 100% reflectivity occurs in regions from 1.209 to 1.371 and from 1.415 to 1.578 of the normalized frequency parameter centered at 1.290 and 1.497 respectively.
Thus, in the case of PPC1, as the width of plasma layers is increased, the centre of high reflectivity ranges shifts towards the higher normalized frequency side, and for PPC2, the centre of high reflectivity ranges shifts towards the lower normalized frequency side as one increases the thickness of the plasma layers. Hence, by adjusting the thickness of plasma layers and choosing proper material for dielectric layers, we can shift the centre of high reflectivity towards lower or higher frequency range. Plots of Equation (10) with respect to normalized frequency give an idea how the effective group velocity (V g ) in the two structures changes as we change various parameters of the PPC structures. The resulting graphs shown in Fig. 6 and Fig. 7 corresponding to PPC1 and PPC2 respectively show that the group velocity in each of the PPC structures becomes negative in certain range(s) of normalized frequency, and it tends to zero at the band edges. Thus, negative group velocity (V g < 0) is an anomalous behaviour of PPCs.
For PPC1, if we take d = 0.01, the group velocity (V g ) is negative only in the first allowed band, i.e., 1.038 to 1.322 (the width of the range of frequency being 0.292) of the normalized frequency. But the group velocity (V g ) is positive corresponding to second allowed band, i.e., 1.358 to 1.650 (width being 0.292) of the normalized frequency. If we take d = 0.10, the range in first allowed band over which the group velocity (V g ) is negative reduces to a great extent, i.e., from 1.180 to 1.240 (width being 0.060), and the group velocity (V g ) is found to be positive in the second allowed band i.e. 1.482 to 1.552 (width being 0.070).
If we take similar value of thickness of the plasma layers in the case of PPC2, the group velocity is found to be negative corresponding to first and third allowed bands and positive corresponding to second allowed band. If we choose d = 0.01, the group velocity has negative value corresponding to first allowed band from 1.100 to 1.291 of the normalized frequency (width being 0.191) and also corresponding to third allowed band from 1.531 to 1.722 (width being 0.191) of the normalized frequency. However, the group velocity is positive corresponding to second allowed band from 1.316 to 1.507 of the normalized frequency. If we choose d = 0.10 group velocity has negative values corresponding to first allowed band from 1.176 to 1.209 (with total width of 0.043) and the third allowed band 1.578 to 1.630 (with total width of 0.045). However, the group velocity has positive values corresponding to second allowed band from 1.371 to 1.415 (with total width of 0.045). Thus, for PPC1, we can obtain one region of negative group velocity and one region of positive group velocity, but for PPC2, we can obtain two regions of negative group velocity and one region of positive group velocity for the same range of normalized frequency.
For both the PPC structures with different d values, the group velocity tends to zero at the band edges. The magnitude of group velocity for a particular value of normalized frequency is larger for d = 0.01 than that of d = 0.10 in each of the structures.
Thus, if we decrease the thickness of plasma layers of PPCs, the magnitude of group velocity increases. Thus, the plasma width is the controlling parameter of group velocity. The negative group velocity (V g < 0) of electromagnetic waves in PPCs is an abnormal behaviour, and it is responsible for superluminal behaviour in PPCs. From Fig. 6 , it is clear that there are left-right and up-down symmetries, and it supports two different states. These states of symmetry may be used to make devices involving flip-flops like logic gates, optical switches (for optical computing) etc. PPC1 has two different states of flip-flop for a large normalized frequency range (1.0-1.7), whereas PPC2 works as a flip-flop for a short normalized frequency range (1.05-1.51).
The effective group index n eff (g) is computed from Equation (11). It is found that the effective group index becomes negative within PPCs in certain regions of the normalized frequency parameter because of the abnormal behaviour of group velocity. For both PPCs, if we decrease the thickness of plasma layers, there is an increase in both the ultra low and ultra high values of effective group index.
For PPC1, the ultra low and ultra high values of n eff (g) are large. But for PPC2, these values are smaller than the corresponding values of PPC1. The group velocity as well as n eff (g) becomes negative corresponding to the allowed bands for which the value of normalized wave vector [K(ω) · L] decreases as the normalized frequency increases. On the other hand, the group velocity as well as n eff (g) becomes positive corresponding to the allowed band for which the value wave vector K(ω) increases as normalized frequency increases.
CONCLUSION
This study shows that the thickness of plasma layers in PPCs controls the forbidden band gaps. So we can use a PPC as a broad band reflector and frequency selector by choosing appropriate values of plasma thickness and suitable material for dielectric layers. For PPC1, the mid point of a band gap shifts towards the higher normalized frequency range, whereas for PPC2, the mid point of a band gap shifts towards the lower normalized frequency range by increasing the thickness of the plasma layers. For certain normalized frequency range, the group velocity becomes negative. Because of this abnormal behaviour (V g < 0) superluminal flow of photon occurs in the PPCs. Such structures may be considered as a flip flop as there is positive and negative symmetry of effective group velocity. This symmetry is exhibited by PPC1 for a wide normalized frequency range, and hence such a structure may be considered for the design of a flip flop working over a wide range of frequency. On the other hand, the structure PPC2 may be considered for the design of a flip flop working over narrower range of normalized frequency. The structure PPC2 has three distinct states with two critical values of normalized frequency where change of states takes place; it may be used in the design of double layer memory devices in optical circuits. It also exhibits superluminal propagation both for the lower and higher values of normalized frequency. Thus, out of the entire range of the normalized frequency, PPC2 has wider range of normalized frequency where there is superluminal propagation inside the structure as compared to PPC1 structure and the structure considered by Ojha et al. [28] earlier.
